In order to assess the high temperature vaporization behavior and equilibrium gas phase compositions of binary alkali metal oxides, the relevant thermodynamic and molecular constant data have been compiled and critically evaluated. Selected values of the Gibbs energy and enthalpy functions of condensed and vapor phases are given in the form of equations valid over wide temperature ranges, along with the standard entropies and enthal~ies of formation. These datawere--.llSedio_generate-plots-Of the-equilibriumpartial-)ressures of vapor species as functions of temperature for representative conditions ranging from reducing to oxidizing. Maximum vaporization rates have been calculated using the Hertz-Knudsen equation. Literature references are given.
Introduction

Background
Oxide materials are used or encountered in a wide variety of high temperature applications where vaporization rates and thermodynamic stabilities are often limiting factors. The efficient design and operation of high temperature devices and processes requires reliable information about the stability and volatility of these oxides so that vaporization losses and component lifetimes can be predicted. -Despite continuing research efforts and the use of increasingly sophisticated techniques, there are still many gaps Tii-'ourKiiowlooge and understandIng orfhe detailed vaporization thermodynamics of metal oxide systems. This puts a premium on critical review of the literature and selection of the necessary thermodynamic data. Even in cases where most of the requisite data are compiled, however, the user still must resort to a significant amount of additional calculations, sometimes unfamiliar, in order to evaluate vapor comppsition and vaporization behavior for specific environmental conditions. Thus we perceive a definite need for critically evaluated data, presented in a format that gives users ready access to the detailed vaporization chemistry and equilibrium partial pressures of the various species.
Reviews and compilations of data on oxide thermodynamics and vaporization behavior have been done by Brew~ er, I Coughlin, 2 Kelley/ Schick, 4 Ackermann and Thorn, s Brewer and Rosenblatt, 6, 7 Kelley and King, 8 Olette and Ancey-Moret,9 Wicks and Block,1O the Bureau of Standards,1l-16 the JANAF group, 17,21 Barin and Knacke, 22 Samsonov et al., 23, 24 the IVT AN (High Temperature Institute, State Institute of Applied Chemistry, National Academy of Sciences of the U.S.S.R.) 'group, 25, 26 and Pankratz. 27 Pedley and Marsha1l 28 have submitted a review of thermodynamio data of gaseous monoxides to this journal. The later reviews are more useful, since much of the relevant data has appeared in the last few years. However, the recent critical reviews by JANAF and IVTAN cover only certain portions of the periodic table and do not include many oxides of interest. This work is the first part of a program sponsored by the Office of Standard Reference Data of the National Bureau of Standards to provide critically reviewed thermodynamic data of oxides, along with overviews of their high temperature data of oxides, along with overviews of their high tem- 
Scope
The present study is intended to serve as a source 6f critically reviewed thermodynamic data, and to provide an overview of high temperature vaporization phenomena for condensed alkali oxides. Substances corisidered are condensed phases stable over a portion of the temperature range between 298 and 3000 K and vapor phase species that have been, or under the proper conditions might be, observed in equilibrium with the condensed phases. In the absence of accurate phase boundary data, the solid phases are treated as line compounds. Data are tabulated for liquid phases with compositions identical to the solid phases. The limited amount of themi.odynamic data for homogeneous oxide phases of variable composition are cited in the text but were not evaluated. The properties of these phases, and of solutions of oxygen in liquid alkali metals, are beyond the scope of this work, and data necessary for their treatment are for the most part unavailable., The information presented con-i~ls of llu;tUlodYllamic data for the various chemical speoies involved in the vaporization processes, equilibrium partial pressures of significant vapor species found over condensed oxide phases as functions of temperature and oxygen partial pressure, and maximum vaporization rates calculated from the Hertz-Knudsen equation of classical kinetic theory. Graphs of partial pressures of significant vapor species in equilibrium with condensed phases are provided as a concise reference to vaporization behavior under various conditions of temperature and oxygen potential.
Literature Reviewed
A thorough search was made in Chemical Abstracts and in the Bulletin of Chemical Thermodynamics and Thermochemistry for entries related to the substances under consideration. The literature review encompassed publications up to about December 1982. When an adequate review of earlier work on a subject is available, reference is given to the review only, except when specific references are desirable.
Thermodynamic Properties
Discussion a. Evaluation of Data
The methods of data evaluation used in the present work are similar to those used for the JANAF tables 17 and need not be repeated in detail. In addition to consistency of data within a given source and general assessments of experimental methods, criteria for data evaluation included the degree of agreement of second-and third-law reaction enthalpies evaluated from eqUilibrium data. For gaseous alkali metal monoxides, the Rittner ionic model 29 • 30 was used as an -aid in-data -evaluation.· Datafrom-original-sources-were-re~ calculated, when necessary, using selected values of auxiliary data. CODATA 31 values were used when available. Selected thermodynamic data derived from experimental information are consistent with the original observations within experimental uncertainty.
The mathematical procedures used to process thermodynamic data have been discussed by JANAF, 17 among others. Data for substances undergoing transitions between solid phase forms or between solid and liquid phases were treated by using data for the lower temperature form below the normal transition temperature, taking the enthalpy and entropy of transition into account at the transition temperature, and using data for the higher temperature form above the transition temperature. The Gibbs energy functions of condensed pfiases calculated by this procedure are conSIStent with the enthalpies offormation of the condensed phase stable at 298.15 K and 1.01325 bar.
b.Symbols
The thermodynamic symbols used in the present work are The standard molar entropy at T K divided by the molar gas constant Solid-phase transition temperature and molar enthalpy of trans ition divided by the molar gas constant Melting temperature and -molar enthalpy of fusion divided by the molar gas constant.
c.Unlts
Following the suggestion of Pitzer and Brewer,32 thermodynamic quantities are expressed in dimensionless units, e.g., So /R, GO /RT, e Peritectic decomposition to Cs 2 0 and liauid. 
~-
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2.2.·Selected Thermodynamic Data
Selected values of the thermochemical properties of substances encountered in the high temperature vaporization of alkali metal oxides are shown in Tables 1-4. Where  possible, sources of the data in Tables 1-4 are given in Table  5 . Table 1 lists the solid high temperature alkali metal oxide phases and their melting or dissociation temperatures. Table  2 presents Gibbs energy functions of oxygen and alkali oxide species fit to the equation
(1) 
Condensed Phase Thermochemical Data
This section gives background information on alkali oxide condensed phases and additional information on the selected thermodynamic data presented in Tables 1-4 and referenced in Table 5 The Na-O phases important above room temperature are N~O, Na 2 0 2 , and Na0 2 . 34 ,35 The data on the thermodynamics of liquid sodium oxide solutions by Leftler and Wiederhorn 47 were not reviewed in the present study. The selected thermodynamic properties of the individual substances were taken from the sources cited below.
Na(s,l)-the heat capacities of Hultgren et al. 48 were accepted below 1100 K; above this temperature they were smoothly merged with the values of Fredrickson and Chasanov,49 which extended to 1500 K. Above this temperature, the heat capacity ofNa(l) was estimated to be C;/R = 3.80. _T.he-heat.-capacitieS--.W.er.e...integrated-to--give -v.alues--OLthe--Gibbs energy function and enthalpy increments above 298.15 K.
Na0 2 (s,l)-the thermodynamic properties of the liquid were calculated using ~tsthnat~d values of the enthalpy of fusion and liquid heat capacity.
Na 2 0(s,l)-values of the Gibbs energy function and . enthalpy increments. between 298.15 and 1300 K were calculated by integrating the heat capacities of Fredrickson and Chasanov. 5o Na 2 0(s) is expected to undergo a diffuse disordering transition of its antifluorite crystal lattice 1 ,40 above the temperatures of the heat capacity·measurements of Fre;.; drickson and Chasanov and of Grimley and Margrave. 51 Estimated heat capacity values that included contributions of the disordering transition estimated by analogy with K 2 S(s) wete used to ca1culate-values of tbe6ibbs-energyfunction-and enthalpy increments above 1300 K. Neither Fredrickson and ChasanoyS9 nor Henry et al. 52 observed the solidphase transitions reported by Bouaziz et al. 53 at 1023.2 and 1243.2 K, which were not included in the present work. The selected enthalpy of formation was derived from the measurements of 0'Hare 54 and Gross and Wilson. 55 Na 2 0 2 (s,l)--estimated values of the enthalpy of fusion and liquid heat capacity were used to derive Gibbs energy function and enthalpy increment values for the liquid.
C. K-o Phases
The solid phases of the K -0 system were reviewed by Elliott 34 and Shunk,56 and more recently by Byker et al. 57 The phases reported are K 2 0, K 2 0 2 , K0 2 , and K0 3 • K0 3 reportedly decomposes at 333 ± 2 K 56 ; thll~, it 1~ not a factor in high temperature vaporization processes. Data on the potassium oxides is limited and of uncertain quality. Different observers have reported significantly different vaporization behavior for solid K 2 0 and K 2 0 2 ; in particular; Leftler and Wiederhorn 47 and Petrocelli S8 observed greater O 2 dissociation pressures over K 2 0 2 than those calculated from thermodynamic data. The selected enthalpies of formation shown in Table based on DTA of a 30 mg specimen was rejected because the likely interactions with the Pyrex container and the noncongruent vaporization of K 2 0 would both lower the observed melting temperature. Simmons et al. 61 reported a melting temperature of 1370 K based on analogy to the melting temperature of KCI, NaCI, and Na20. The thermodynamic functions for condensed K 2 0 of the present work were ealculated using heat capacities estimated by analogy with the temperature was taken from Ceutuersziver and Blumenthal. 67 Gibbs energy fUIiction and enthalpy increment values were calculated using estimated values of the heat capacity above 298.15 K and an estimated enthalpy of fusion.
Rb 2 0(s,l)-no experimental heat capacity or entropy data were found. The entropy at 298.1.5 K was estimated by the method used for K 2 0. Heat capacity values for the solid were estimated by analogy to the other alkali metal M 2 0 oxides and included the effects of a diffuse disordering transition in the antifluorite crystal lattice. 1,40 The nielting temperature was estimated from a plot of T fus vs In M, where M is the gram formula weight, for the alkali metal M 2 0 oxides. The heat capaciiyan,fenthaIpy-Ofttansition-data were-·use<I to calculate Gibbs energy function and enthalpy increment values.
Rb 2 0 2 (s,l)-the heat capacity above 298.15 K was estimated by analogy to that ofRb 2 0 and the difference between C; values for Na 2 0 2 and Na 2 0. The entropy at 298.15 K was estimated.as for K 2 0 2 • The liquid heat capacity was estimated. The estimated entropy and heat capacities were used to calculate Gibbs energy function and enthalpy increment values. The enthalpy offormation was calculated using enthalpy increment values for the solid. The calculated values of the Gibbs energy function were used along with the pressure data of Riley63 and Kazarnovskii and Raikhshtein 64 for the reaction 2K0 2 (s) = K 2 0 2 (S) + °2(g)
to derive the enthalpy of formation. Byker7 had done this calcul~tion with the JANAF Gibbs energy values. The JANAF value of the enthalpy of formation, derived from earlier sources, is in good agreement with the selected value.
d. Rb-O Phases
The Rb-:O phases important above room temperature are Rb 2 0, Rb 2 0 2 , and Rb0 2 . 34 ,35,56 The ozonide Rb0 3 has been reported,34 as well as the suboxide phases Rb 6 0 and Rb 9 0 2 65 ; these phases are not stable at high temperatures.
Thermodynamic data for individual substances was taken from the sources given below. Rb(s,l)-thermodynamicvaluesabove 1300K were calculated from estimated heat capacities. Cs0 3 . Simon 65 reported the phase CS 11 0 3 rather than Cs 7 0 2 • Except for CS 2 0,"Cs 2 0 2 , Cs0 2 , and Cs 3 0, which decomposes peritectica1ly at 437 K, the solid phases undergo decomposition at relatively low temperatures. 70 Knights and Phillips reported thermodynamic data, which were not evaluated in the present work, for liquid cesium oxide solutions. Sources of data selected for individual substances are given below.
Cs(s,l)-Behrens et al. 71 found that the Gibbs energy functions derived from the heat capacities of Hultgren et al. 48 are inconsistent with Cs vaporization data. On this basis, the JANAF 17 values of the thermodynamic functions for condensed Cs were adopted. The data were estimated above 1300K.
Cs0 2 (s,l)-The entropy at 298 K was estimated using Latimer's rule .. Values of the Gibbs energy function and enthalpy increments were calculated from heat capacities estimated by adding the heat capacity of CS 2 0 to the heat capacity difference between Na0 2 and NazO.
Cs 2 0(s,I}-Flotow and Osborne 72 measured the heat capacity of Cs 2 0 from 5 to 350 K, and extrapolated their results to the melting temperature. Their data for the Gibbs energy function, (H;98 -H~)/R, and (H"r -H;98) were accepted. Cs 2 0 crystallizes in a CdCl 2 -type rhombohedral structure,l and thus does not undergo the high temperature antifluorite disordering transition expected for the other dialkali monoxides. Thermodynamic functions of the liquid were calculated from estimated heat capacities.
Cs 2 0 2 {s,l}-the entropy at 298.15 K. was estimated by Latimer's rule. Values of the Gibbs energy function 'and enthalpy increments were calculated from heat capacities estimated ~y'-'-analogy~Cs-10 _and .the .. difference between Na 2 0 and N~02' The enthalpy offormation was calculated from the dissociation pressure measurements of Berardinelli and Kraus 73 for the reaction 2Cs0 2 (s) = CS 2 0 2 (S) + °2(g)· Berardinelli and Kraus 73 began their measurements with specimen compositions near Cs0 2 and monitored composition change by mass loss, which was assumed to be due to O 2 only. This assumption, valid for the decomposition of Cs0 2 to CS 2 0 2 , is demonstrably wrong for vaporization of CS 2 0 2 ; thus, the pressure data reported for the reaction CS 2 0 2 (S) = Cs 2 0(s) + 1/20 2 (g) probably do not correspond to this equilibrium. IVT AN 26 reported the value l1fH;98/R = -54 ± 3 kK, probably based on the estunatlon of de Forcrand: 6 <r-
Vapor Species Thermochemical Data a. Discussion
This section gives background information on alkali oxide gas species and additional information on the selected thermodynamic data presented in Tables 1-4 and referenced  in Table 5 . The alkali metal-oxygen vapor species reviewed below are grouped by generic molecular formula rather than by their alkali metal constituent because of the generally related molecular properties of the homologous species.
b. M(g) species M(g) species-Hultgren's enthalpies of formation,48 which incorporated data not reviewed by JANAF 17 were used.
c. MO(g) Species
The spectroscopic constants of the gaseous alkali monoxides are based almost entirely on ab initio calculations, as summarized for the most part by Huber and Herzberg. 74 Additionally, the vibrational frequency of RbO and the internuclear distance in CsO were estimated by analogy with trends in the diatomic alkali fluorides, chlorides, and oxides, while the energy of the first excited electronic state of CsO was estimated by extrapolating the values for the lighter alkalis. The selected constants used in calculating thermodynamic functions are summarized in Table 6 .
Because of the scarcity of thermochemical data for all of the gaseous monoxides but LiO, the dissociation energies of the MO species were calculated by means of the Rittner polarizable ion model 29 • 30 as an aid in evaluating the experi- The gaseous alkali dioxide species Li0 2 , Na0 2 , K0 2 , Rb0 2 , and Cs0 2 have all been identified by low temperature matrix isolation spectroscopy, but these species have not been directly observed by mass spectrometry in any of the investigations reported to date. However, it seemed prudent to include data for these species, since they inay be important under oxidizing conditions. The molecular constants u$ed to calculate thermodynamic functions for the alkali M0 2 vapor species are shown in Table 9 .
The only experimental enthalpy data found, for these species are those for Na0 2 deduced from the flame studies of McEwan and Phillips 75 who reported data for the reaction Na0 2 (g) = Na(g) + 02(g).
However, these data predict Na0 2 (g) to be a major species over NazO(s) under neutral Knudsen cell conditions, contrary to observations. 76 We believe that the Harne data on Na0 2 (g), which are indirect, are in error.
Since none of the M0 2 vapor species has been observed under neutral Knudsen cell conditions, lower limits for the enthalpies of formation were eStimated by considering the reaction _2~:tQ2(g)_==}-1~g) + 3/202(g)~ for which the Gibbs energy change is gIven by the equation
and taking 10 -to bar as the limit of detection in the mass spectrometric experiments. Third-law calculations combined with the established M 2 0 data yield the lower limit values for the M0 2 enthalpies of formation. The values are uncertain, since detection limits in the mass spectrometric investigations are somewhat variable.
e. M 2 (g) Species M 2 (g) species-the low dissociation energies of the diatomic alkali metal species require that the statistical methoas'11sed to evaluate tnermooynamlc functions from ni61ecu~ -lar data utilize accurate rotation-vibration energy levels and correct cutoff procedures for dissociating states. Several groups have performed these calculations for Liz, Na z , and K 2 ; the calculations ofFeber and Herrick ii were used in the present work. In the absence of more accurate calculations, data for Cs 2 (g) were taken from JANAF.17 Spectroscopic data from Hultgren et al. 48 were used to calculate the Gibbs energy functions for Rb z given in the present work. Only the nondissociating ground state and one excited state were used in these calculations. Since the diatomic elemental species are minor components of the vapor, these approximations should not introduce significant error into the vapor pressure calculations. The enthalpy of formation of Liz was derived from the aCcurate ab initio dissociation energy of Konowalow and 01son. 78 The enthalpies offormation of the remaining M z species were calculated from the dissociation energies compiled by Huber and Herzberg. 74 The data of Piacente et al. 79 were also considered for Rb 2 • f. M 2 0(g) Species
On the whole, the gaseous dialkali monoxide species have been studied in considerably more detail than the other alkali oxide species. Nevertheless, there are considerable uncertainties in some of the results, and the molecular constants needed for calculation of thermodynamic functions are incomplete. The equilibrium data for the Li and Na species appear to be reliable; those for the K, Rb, and Cs species are less certain. and further experimental investigations are needed. Table 10 lists the selected molecular constants used in calculating thermodynamic functions. Experimentally un- known M-O distances were estimated using the ratio of Li-° distances in LiO and Li 2 0 and the known or estimated M~ ° distance in the ~onoxides. Except for Na20, the unsymmetrical stretching frequency has been observed by matrix infrared spectroscopy. For Na 2 0, this frequency wasestimated by interpolation. For the Li and Na species, estimated values of the other vibrational frequencies were taken from White et ar 80 and from Hildenbrand and Murad. 76 Values for the K, Rb, and Cs species were estimated by analogy to the values. for the Li and N a species. The selected enthalpies of formation of the M 2 0 species shown in Table 4 are all based on equilibrium measurements. For Li 2 0(g), the value was taken from the concordant results of Hildenbrand et al., 81 White et al., 80 Norman and Winchell, 82 and Ikeda et al. 83 The value for NazO was taken from Hildenbrand and Murruf 3 and Norman and Winchell. 82 The results of Gorokhov et al. 84 ,85 and of Norman and Winchell were used to derive the selected enthalpies off ormation for Rb 2 0(g) and Cs 2 0(g).
g. M 2 0 2 (g) Species Data for the alkali metal M 2 0 2 vapor species are less complete and less certain than for the corresponding M 2 0 or MO species. All have been observed by low temperature matrix isolation spectroscopy, but the fundamental vibrational frequencies have been only partially assigned, and information about molecular geometries is incomplete. Mass spectrometric studies of reaction equilibria involving Li 2 0 2 , K 2 0 2 , and CS 2 0 2 have been made, but no data is available for Naz02 or Rb 2 0 2 • The selected molecular constants are shown in Table  11 . In accordance with the matrix spectra of Andrews and co-workers,86-89 the M 2 0 2 species were regarded as planar D2h molecules with symmetry numbers of 4. The 0-0 distances in the molecules were taken as 1.5x 10-8 cm, in accord with data on the solid alkali peroxides 3s and the ab initio results of Yates and Pitzer 90 on Li 2 0 2 • The M-O distances were estimated by multiplying the value of r(M~) of the _ MO(g) species by the ratio r(M-O,Li 2 0 2 ,g)/r(M-O,LiO,g) = 1.64/1.695. 90 ,91
. The selected vibrational frequencies of the M 2 0 2 molecules are given in Table 12 . Unobserved vibrational frequencies were" estimated by multiplying the frequencies of Li 2 0 2 86 ,90 by the ratio of comparable frequendes in the species M 2 0 to those in Li 2 0. For this correlation, theA g , A 'g, and BIg M 2 0 2 modes were assumed to scale as the M 2 0 WI mode; theB 1U mode ofM 2 0 2 as thew2 mode ofM 2 0; and the B3U mode of MzO z as the U)3 mode of MzO. Experimental values are available for the B 2u modes for each of the M 2 0 2 species, so that predicted and observed values can be compared; except for Na 2 0 2 , where the predicted frequency is high by 43 cm -1, the agreement is within 21 cm -1.
Enthalpies of formation derived from mass spectrometric data were selected from the concordant experimental values for Li 2 0 2 ,80,92-94 K 2 0 2 ,8S and CS202.82.85 For Naz02 and Rb 2 0 2 , enthalpiesof formation were estimated by interpolating the energy of the reaction. M 2 0 2 (g) = 2MO(g), via a plot [Do(M 2 02 -Wo(MO)] vs Do(MO) for the alkau metals. Tabl." 12. V; i.br ... t; i.onal. t'und ..... "'nt .. l. .. oJ:' .. l.I .... l.i A' g as the size of the metal ion increases. This trend is illustrated by the synthetic methods used for oxide production?5,57,72,101 Direct oxidation of the metal at moderate teniperatures in dry air produces Li 2 0, Na 2 0 2 , K0 2 , Rb0 2 , and Cs0 2 . Na0 2 is produced by high temperature reaction of Na202 with high pressure oxygen. Thermal decomposition of the corresponding superoxides yields K 2 0 2 , Rb 2 0 2 , and CS 2 0 2 , and decomposition of Na202 gives Na 2 0. The dialkali monoxides of K, Rb, and Cs are produced by reacting the peroxides with excess metal, then removing the remaining nietal by distillation. " For lithium, the only important high temperature solid oxide is the" dialkali monoxide. For sodium, the dialkali monoxide is stable under neutral or-reducing conditions above about 400 K, but in dry air the peroxide is stable up to its melting point. Either the peroxide or superoxide ofK, Rb, or Cs is stable under neutral or oxidizing conditions at "high temperatures. The existence of several possible oxide phases complicates the study and description of vaporization processes for K, Rb, and Cs oxides, especially when low-melting liquids are considered.
The information needed to characterize the vaporiza- system. This requirement can be met by specifying the oxy-Ikeda et aI., 83 and Kimura et al. 94 The pressures reported for gen potential or the elemental composition of the vapor this species were near instrumental sensitivity limits and dif-phase. Congruent vaporization, in which the overall elemenfer ~ignificantly among the different investigators. Approxi-tal composition of condensed and vapor phases are the same, mate thermodynamic functions for Li30(g) were estimated is a particular example of a one-solid-phase vaporization from the molecular constaDts for Li 2 0 2 (g) and rhombic Li4 process in which the state of the chemical system is specified clusters 99 • loo and were used in third-law calculations to esti-by temperature and gas phase composition. Experimentally, mate the enthalpy of formation from the vaporization data "solid Li20 and Na20 vaporize congruently under neutral ofWu et aJ. and of Kimura et al. The solid phases relevant to high temperature vaporizaiton processes are the M 2 0 dialkaIi monoxide, the M 2 0 2 peroxide, and the M0 2 superoxide. Phases of the composition M 2 0 3 have been reported for alkali metals except lithium,35 but their existence as pure equilibrium phases has not been substantiated. 1,56,57,70 Several general trends exist in the properties of alkali oxides. The higher oxide condensed phases become more stable relative to the dialkali monoxide J. Phys. Chern. Ref. Data, Vol. 13, No.1, 1984 KzO z , RbzO z , and CS Z 0 2 also vaporize congruently.
Mathematics of Vaporization Calculations
The calculations that follow are applicable to the vaporization of pure solid and liquid phases under conditions where condensed phase composition changes are negligible; vaporization from solution phases is beyond the scope of the present work, and the necessary data are for the most part unavailable. The properties considered are the vapor pressures of principal vapor species and the rate of mass loss per unit surface area, both as functions of temperature.
For many vaporization conditions one or two vapor species are predominant, and calculation of the chemical equilibrium from thermodynamic data is straightforward. Calculations can be more complicated when several species are present in significant quantities. The following pracedure is a general method for calculating the equilibrium pressures of vapor species in equilibrium with a condensed phase of known composition.
The chemical species present at eqUilibrium in the vaporization of a condensed binary oxide can be described mathematically as being formed by linear combination of the vaporizing oxide Mb 0 c and oxygen O 2 according to the general reaction for the production of species i, d(i)MbOc(s,l) + e(i)02(g) = Mx (i)Oy (i)(s,l,or g),
where-e(itmayi>e-zenroranegative number. Thepossib1e species include the vaporizing phase MbOc(s or 1), considered to be species 1, and 02(g) as well as the species produced by their linear combination. From mass balance,
and e(i) = [by(i) -cx(i)]/2b. (6) We define _ the Gibbs energy of species i at temperature
Tas
-G~(i)/RT= (G~ -H;9s)/RT-iJ r H;9s(i)/RT. (7) The Gibbs energy change for the reaction producing gaseous species i from MbOc(S or 1) and 02(g), ..drG~(i), is given by
and the equilibrium constant for producing gas species i is
where the pressures p(i) are considered low enough that they equal fugacities, andu(l) is the activity ofM b Oc' IfMb Oc is a pure condensed phase, its activity is unity, and p(i) = K(i)P(02)e(i),
for the gas species. If the oxygen pressure is known, the pressure of each species i can be calculated from this equation. For congruent vaporization, the vapor composition is the same as the condensed phase, and
This leads to the expression
where summation is over the gaseous species present. In practice, this equation is solved for P(02) by graphical interpolation or by numerical methods. The value found for P(02} is then used in Eq. (10) to find the other partial pressures.
For the above calculations to correspond to equilibrium vaporization, they must be used for vaporization of the condensed oxide phase or phases stable under the particular vaporization conditions. Where more than one oxide phase is a possibility, the stable phase or phases must be determined. Oxide (1) is assumed to have the greater oxygen activity. The equilibrium constant for this reaction is Keq = a(2)p(02V /a(I).
(13) If both condensed phases are present at equilibrium, their -activities-are-unity.,-and-the-pressure.of-0 2 JS-given-by -theequation
Oxide (1) is the stable phase for O 2 pressure greater than Peq(02)' and oxide (2) is stable for O 2 pressures less than Peq (0 2 ) at the given temperature. The calculated oxygen pressures for two-solid-phase regions are given as functions of temperature in Table 13 .
Vaporization Rate Calculations
Maximum vaporization rates were calculated using the Hertz-Knudsen equation of classical kinetic theory, whichapplies to free vaporization from an uncontaminated surface at low pressures. For gas species i evolving from the surface, the maximum vaporization rate dn(i)/ dt in mol cm -2 s -1 is ,given by the equation
where M (i) andp(i) are the gram molecular weight and equilibrium partial pressure of vapor species i, and Rand Tare the molar gas constant and absolute temperature. Since 1 bar is 10 6 dyne cm-2 andRis 8.3144X 10 6 erg mol-I deg-1 , for pressures in bar, this is equivalent to
Calculation of maximum vaporization rates is more difficult for noncongruent than for congruent processes. In general, solid phase activities during the vaporization process are not known, and calculated maximum vaporization rates of oxides that deviate from their original stoichiometry should be considered indicative rather than exact. 103 In the present work, maximum vaporization rates have been calcu-lated for noncongruent, as well as congruent, vaporization. Only initial vaporization rates, for which no condensed phase composition changes have taken place, are considered. Vaporization rates are expressed in terms of the mass of originally present oxide Mb 0 c lost as measured by the volatilization of metal atoms. The total mass loss thus calculated is
where dm/dt is the mass loss rate in g cm-2 S-I, MbOc is the formula of the condensed oxide, and x(i) and M (i) are the number of gram atoms of metal per mole and gram molecu-1ar-weignrofgas species 1.
Although actual vaporization may be slower, the calculated maximum vaporization rate is valuable as a rough guide to vaporization kinetics. Recent references on maximum vaporization rate calculations include works by Turkdogan 104 and Beruto et al. 103
Vaporization Behavior under
Representative Conditions
The calculated partial pressures of major species in eqUilibrium with stable alkali metal oxides are shown in the figures of this section as plots of log P vs liT for vaporization under conditions representative of those likely to be enconntered experimentally_ For each alkali metal-oxygen sy..st~uj]jbri]]m partial pressures..wer.e.ca1culated for vaporization in 0.2 bar of O 2 , representing oxidizing conditions, for vaporization at a fixed oxygen potential of 10-15 bar, representing reducing conditions, and for vaporization of solid under neutral conditions. The calculations do not cover certain situations of practical interest. One of these is . the vaporization of alkali metal-oxygen liquid solution phases, for which adequate thermodynamic data do not exist. Another is vaporization under conditions of decreased condensed phase activity, as in solutions of alkali oxides in silicate melts, which is beyond the scope of this work.
Species representing less than about 10-6 of the total pressure were omitted from the graphs. as were the gaseous dioxides, for which only upper limits of partial pressures could be calculated. The limiting stabilities indicate that the dioxides may be major species under oxidizing conditions, and it is important that their properties be determined.
a. Li-O System
Lithium oxide Li 2 0 is the stable condensed oxide phase at temperatures above about 380 K for vaporization at O 2 pressures up to 0.2 bar. The partial pressures of the m~jor species in equilibrium with condensed Li 2 0 are· shown in Figs. 1-3 for representative vaporization conditions. Liquid Li 2 0 was assumed to vaporize congruently under neutral conditions. Calculated maximum mass loss rates are shown in Fig. 4 .
b. Na-O System
The eqUilibrium oxygen pressure for equilibrium of Na 2 0 2 (s) with Na0 2 is greater than 100 bar above 298 K, and disodium monoxide Na20 is stable above about 400 K for J. Phys sure of 0.2 bar. Calculated maximum mass loss rates for these vaporization conditions are shown in Fig. 16 .
e. Cs-O System
At an oxygen pressure of 10-15 bar, CS 2 0 2 is the stable solid phase below about 620 K, and Cs 2 0 is stable from this temperature to its melting point. Figure 17 shows the partial pressures of species in equilibrium with Cs 2 0 under these conditions. The partial pressures of species in equilibrium with congruently vaporizing solid CS 2 0 2 are shown in Fig.  18 . Since the cqngruently vaporizing liquid composition is not known, partial pressures of species in equilibrium with -liquid~€sze28hown-in--this-figure-were-calcuiated---rorinitial vaporization conditions at the oxygen potential of the congruently vaporizing solid at its melting temperature. Figure  19 shows the partial pressures calculated for vaporization of Cs0 2 ill 0.2 bru: of 02' Call,;ulalt:u maximum mass loss rates for the above conditions are shown in Fig. 20 .
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